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Abstract 
Selective laser melting (SLM) is a promising technique for the production of biometallic scaffolds for orthopedic applications due 
to its ability for fast turnover times and production of customised complex geometrical parts. The present work demonstrates the 
production of various unit cell design scaffolds of low E-modulus Ti-xNb-yZr . 3 Unit cells were produced at 3 different 
pore sizes (1000, 750 and 500μm). Micro-CT and compression testing was carried out for each design showing a stiffness range 
within the range of bone. 
 
© 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor Mamoru Mitsuishi 
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1. Introduction 
Scaffolds are porous material structures which assist 
in the healing of large bone defects. The use of scaffolds 
is to allow cell seeding and eventual vascularization of 
the implant. Due to this the architecture of the scaffold is 
important when considering its needs mechanically and 
biologically. The mechanical properties are dependent 
on intrinsic mechanical properties of the material used 
and on geometrical features of the scaffold which can be 
broken down into pore size, pore shape, strut thickness, 
pore interconnectivity and specific surface area and have 
all been shown to influence the success of bone scaffolds 
[1]. Selective laser melting is a suitable production 
technique for scaffold production and is a layer-wise 
building method from a computer aided designed (CAD) 
model. It is advantageous due to its ability to control 
pore and strut dimensions allowing direct control of 
mechanical properties. Thin layers of metallic powder 
are melted upon one another locally upon interaction 
with a laser beam. After one layer is scanned a new layer 
of powder material is deposited and the process is 















Fig.1. Schematic illustration of the Selective laser melting process 
(SLM). 
More details of the process can be found in [2]. 
Currently scaffolds have been successfully produced 
using Ti6Al4V. However this paper aims to avoid toxic 
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alloying elements (like Al), allowing increased longevity 
of the implant as Ti-based scaffolds are unsuitable for 
implant removal. Although porosity allows control of the 
mechanical properties there is also the aim to use 
alloys to compensate the stress shielding effect observed 
[3]. 
The aim of this study is to produce for the first time 
Ti alloy scaffolds using 3 different types of 
pore geometry (triagonal (T), hexagonal (H), diamond 
(D)) at 3 different pore sizes (1000μm, 750μm, 500μm). 
The aim is to keep a uniform strut thickness of 250μm to 
result in a spread of mechanical properties across the 
range of bone [4]. An identical designed strut thickness 
is chosen to allow identical process parameters to be 
applied during further chemical treatment. The reason 
for different designs is that mechanical properties of 
bone vary dependent on bone type, (cortical, trabecular) 
anatomy location, patient age and sex. 
2. Materials and methods 
2.1. Design and production of porous Ti-13Nb-13Zr 
For this study 3 types of open porous cylindrical 
samples 6mm height 6 mm diameter with 3 different 
pore sizes were produced. A total of 6 scaffolds for each 
design were made. They were created using Magics 
software [Materialise NV, Haasrode, Belgium] The 
designed pore size was given as the distance between 
two struts as shown in figure 2 ranging from 500 to 
1000μm. Each design incorporated a mechanical 





Fig.2. CAD designs of 1000μm designs a) Diamond b) Triagonal c) 
Hexagonal with designed pore size measurements indicated 
All designs were produced by an in-house developed 
SLM machine [6]. The basic powder was produced from 
Ti-13Nb-13Zr cast ingots that were gas atomized by 
TLS Technik [GmbH & Co, Germany]. EDX analysis 
confirmed the composition to be Ti-21Nb-17Zr due to a 
contamination during atomization. The particle size 
range used was 25-45μm (figure 3) to allow production 
of thin struts while maintaining acceptable powder 
flowability. All samples were produced within a closed 
chamber flushed with argon gas resulting in an oxygen 
level <0.1%. A Yb:YAG fibre laser was used with beam 
spot size 80μm and maximum power 300W. A titanium 
base plate was used and a laser power of 135W and a 
scanning velocity of 500mm/s [7]. 135W was used as 
less residual grains appear to remain attached to the 
struts as a result of the higher laser power during 













Fig.3. SEM picture of the Gas atomized Ti-21Nb-17Zr used for 
building SLM scaffolds 
Fig.4. SEM pictures of Ti-21Nb-17Zr produced scaffolds with  a) laser 
power 42W  scanning velocity 260mm/s and b) laser power 135W 
scanning speed 500mm/s 
2.2. Morphological characterization 
2.2.1. Scanning electron microscopy 
 
One scaffold of each design was randomly selected 
and analysed by scanning electron microscopy (SEM; 
Phillips XL 30, Germany) operating at 10kV. 5 pores 
and 5 struts were randomly selected and measured using 
Axio Vision LE software [Carl Zeiss Germany]. The 
pore size and strut thickness were measured and the 
average value taken (table 1). 
2.2.2. Micro-CT imaging and analysis 
 
For each geometry one randomly selected sample was 
selected and scanned using a Phillips HOMX X-Ray CT 
system with Nikon Metrology X-Ray source and AEA 
tomahawk CT software. During acquisition the sample 
was rotated 187° in steps of 0.5°. After each step 32 
images were acquired with the average radiograph 
1000μm 
A) B)
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saved. Reconstruction software (NRecon, Skyscan N.V., 
Kontich Belgium) was used to reconstruct the files into 
cross-sectional images. Further image analysis was 
carried out using (CTan, Skyscan N.V., Kontich 
Belgium) and (CTVox, Skyscan N.V., Kontich 
Belgium). Micro-CT image analysis was used to 
calculate the strut and pore size distributions using the 
Otsu method [8]. 
2.3. Mechanical characterization 
For mechanical testing 3 as produced samples of each 
design were compressed using an in house developed in-
situ loading stage with maximum available load 30kN. A 
pre loading step of 0.01kN was used and a compression 
rate of 0.2mm/min. The stiffness and ultimate 
compressive stress was calculated from the stress-strain 
curves obtained from the load displacement data. 
3. Results and discussion 
3.1. Morphological characterization 
Production of the 1000μm and 750μm scaffolds was 
successful for all 3 designs (Diamond, Hexagonal and 
Triagonal), however for the 500μm scaffolds production 








Fig.5. SEM pictures of produced A) Diamond (D) 1000μm B) 
Diamond (D) 500μm scaffold 
As a result from the increase in laser power chosen 
during processing when compared to previous work on 
Ti6Al4V [4]. It can be seen that pore sizes <750μm are 
unachievable. The cause of this is the higher laser power 
resulting in a larger melt pool and increased powder 
sputtering during production. From figure 6 it can be 
seen that pore occlusion has occurred for all 3 types of 
500μm scaffolds. 
Optical imagery was taken of all produced scaffolds as 
well as SEM and micro-CT for the 1000 and 750μm 






Fig.6. Optical imagery of A) Diamond scaffolds 1000, 750 and 500μm 
B) Hexagonal scaffolds 1000, 750 and 500μm and C) Triagonal 
scaffolds 1000, 750 and 500μm  
3.2. Mechanical characterization 
Mechanical properties of all tested designs are shown 
table 1. Stiffness and ultimate compressive strength are 
shown to increase with decreasing pore size for 
hexagonal and diamond designs. For the triagonal design 
the compressive stiffness increased as pore sized 
increased, however this can be attributed to the thicker 
struts observed to be on average 292μm for the 1000μm 
design when compared to 249μm for the 750μm design. 
It can be seen that a range bone matching scaffold 
properties was achieved for stiffness and compressive 
strength, respectively 868 ±156MPa to 5426 ±1196MPa 
and 21.12 ±1.08MPa to 198.81 ±6.97MPa. Another 
overall aim was to achieve a uniform strut thickness of 
all designs to show robustness and allow further 
processing to be widely applicable. Further refinement 
needs to be taken into account when adjusting design 
parameters as a uniform strut size for one pore design 
cannot be applied to all designs as a range from 301μm 
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Table 1. Experimentally measured compressive stiffness, ultimate compressive strength and obtained strut thickness and pore size (measured by 
SEM) for the 6 different scaffold designs 
Design D1000 D750 H1000 H750 T1000 T750 
Compressive stiffness (MPa) 868 ±156 1912 ±124 1623 ±76 3256 ±723 5426 ±1196 3418 ±297 
Ultimate compressive strength (MPa) 21.12 ±1.08 59.87 ±1.63 55.38 ±2.21 112.59 ±9.69 102.87 ±2.99 198.81 ±6.97 
Strut thickness (μm) 301 269 253 273 292 249 
Pore size (μm) 972 664 1032 760 888 670 
 
3.1. Micro-CT analysis 
The morphological parameters were assessed by micro-




interconnectivity were all assessed as shown in table 2. 
The 100% interconnectivity values show that no pore 
occlusion occurred. 
Table 2Micro-CT based volume fraction, surface area and interconnectivity for the 6 different scaffold designs. 
Design D1000 D750 H1000 H750 T1000 T750 
Volume Fraction (%) 25.81 34.98 33.03 34.86 34.88 52.32 
Surface area (mm2) 324 312 305 313 323 291 
Interconnectivity (%) 100 100 100 100 100 100 
4. Conclusion 
In the present work, selective laser melting was used 
to process Ti-21Nb-17Zr alloy. The main focus was on 
producing controlled reproducible scaffolds with varying 
mechanical properties. The following results were 
obtained: 
1. SLM Ti-13Nb-13Zr scaffold production is 
limited to pore sizes >500μm with a laser 
power of 135W. 
2. Mechanical properties across the range of 
bone from 21.1 ±1.1MPa to 198.8 ±7.0MPa 
were achieved. 
This study shows that SLM manufacturing of -Ti alloy 
is a promising method for reproducible biomedical 
scaffolds with a low stiffness.  
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